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and Zr additions plus Si impurities, were microstructurally analyzed in the as-cast, homogenized, and aged conditions. Hafnium-rich interdendritic regions, containing the Heusler phase (Ni2AIHf), were found in all the as-cast alloys containing Hf.
Homogenization heat treatments partially reduced these interdendritic segregated regions. Transmission electron microscopy (TEM) observations of the as-cast and homogenized microstructures revealed the presence of a high density of fine Hf (or Zr) and Si-rich precipitates. These were identified as G-phase, Nil6X6Si7, or as an orthorhombic NiXSi phase, where X is Hf or Zr. Under these conditions the expected Heusler phase (/3 _) was almost completely absent. The Si responsible for the formation of the G and NiHfSi phases is the result of molten metal reacting with the Si-containing crucible used during the casting process. Varying the cooling rates after homogenization resulted in the refinement or complete suppression of the G and NiHfSi phases. In some of the alloys studied, long-term aging heat treatments resulted in the formation of Heusler precipitates, which were more stable at the aging temperature and coarsened at the expense of the G-phase. In other alloys, long-term aging resulted in the formation of the NiXSi phase. The stability of the Heusler or NiXSi phases can be traced to the reactive element (Hf or Zr) to silicon ratio. If the ratio is high, then the Heusler phase appears stable after long time aging. If the ratio is low, then the NiHfSi phase appears to be the stable phase. well as controlled processing, refined joining techniques, and precise machining of NiAI are required before this material will be widely accepted. The first challenge is to produce a single crystal NiA1 alloy with a controlled chemistry. Several processing techniques, such as Bridgman, Czochralski, modified edge-defined filmfed growth, and the containerless float zone process are available to produce NiAI single crystals. 9.1°However, the high melting point of NiA1, close to 1912 K which is about 300 K higher than the temperature used to process superalloys, pushes the stability of ceramic molds to their limit when in contact with molten NiAI. _1,_2Therefore, even when single crystal processing is successful, moldmetal reactions are serious issues. Consequently, the current research focuses on the characterization of the phases present after directional solidification of NiAI-Zr/Hf alloys and their stability, which is expected to play an important role in the high temperature behavior of these NiAI single crystals. A follow-up publication will discuss the elevated temperature deformation properties of Hf-modified, NiAI single-crystal alloys. Preliminary results were published previously. _-15
I. INTRODUCTION

II, EXPERIMENTAL PROCEDURE
Single-crystal ingots from three alloy systems (Table I) were microstructurally characterized by optical microscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The first system is represented by four NiAl-Hf alloys containing 0.1, 0.3, 1.0, or 1.5 atomic percent (at.%) Hf (alloy descriptions in the text are nominal compositions). The second system consisted of a NiAI-0.05 at. % Zr alloy, which is considered one of the best alloys for cyclic oxidation resistance. _,2 The third system Table I . The alloy from the third system was prepared using a containerless float zone technique at the University of Tennessee (Knoxville, TN) 9 using a pre-cast NiAI alloy rod induction melted in an argon atmosphere.
Samples oriented along the (0011 direction were wire electric discharge machined (EDM) from the as-cast ingots and ground into 3 mm diameter rods suitable for heat treatments and TEM specimen preparation.
The specimens were given a standard homogenization heat treatment consisting of a solution treatment at 1590 K for 50 h in argon atmosphere followed by furnace cooling at a rate of 10 K/rain. To understand the effect of cooling rate on the precipitation of second phases, selected specimens were also air cooled or water quenched from the solution temperature.
To determine the stability of the second phases, homogenized specimens were exposed to short and long time aging heat treatments at 1300 K and 1400 K.
Prior to examination of the specimens by optical microscopy, the samples were etched using a solution of 75 ml HF, 150 ml H20, and 100 g, of molybdic acid. TEM ['oils were prepared by double-jet electropolishing of mechanically ground disks using either one of two chemical solutions maintained at 273 K: (a) 70% ethanol, 14% distilled water, 10% butylcellosolve, and 6% perchloric acid at 30 In some instances, etched TEM foils were used for SEM examination using a JEOL 840 scanning electron microscope to observe the second phase distribution. In addition, lattice parameters of the single-crystal NiAI matrix phase were determined by x-ray diffraction.
Vickers microhardness measurements were also conducted using a 50 g load and a 15 s dwell time; at least 10 microhardness measurements were taken for each condition.
III. RESULTS
A. Chemical composition analysis
Chemical composition analysis of these alloys revealed the unexpected presence of high levels of Si in all the alloys (Table I) . Silicon contamination appears to come from the ceramic mold material used in the directional solidification process, since it was not present in the melt stock. The resultant Si content in the system III alloy (Table I) turned out to be similar to that measured in alloys processed by the Bridgman melt processing technique.
Moreover, the starting Hf stock material used in the initial processing of this system contained some Zr as an impurity, and thus Zr was also introduced in the alloy during the initial induction melting process.
B. Microstructure of as-cast and homogenized alloys
The microstructures of three NiA1 single crystal alloy systems were studied in order to understand the effect of ternary additions on NiAI single crystals after exposure at high temperatures.
Detailed study was conducted on the alloys containing Hf alone (system I); although, as described in this section, both common and unique microstructural features were found in all three systems.
System I: NiAI-Hf alloys
As-cast microstructures The Heusler phase is a ternary compound (Ni2AIHD, with a cubic L2t structure in which the unit cell comprises eight bcc cells with AI and Hf atoms occupying two sets of octahedra[ sites located at body-center sublattice positions. 18-2°The Heusler phase has a lattice parameter close to two times that of the NiAI matrix (Table II) . The NiHfSi phase has an orthorhombic structure, and its lattice parameters are reported in Table IIY Micro in the NiAI-0.3Hf alloy, and its presence varied substantially from specimen to specimen.
Homogenization and furnace cooling of the highest Hf-containing NiA1 alloy (NiAI-I.5Hf) also resulted in the presence of discontinuous G-phase platelets and cubic precipitates ( Fig. 9 ). Occasionally, the NiHfSi phase was also observed; however, the precipitate density was very low and inhomogeneously distributed. In addition, small Heusler precipitates of size 250 nm or less were also detected in this alloy. Table II summarizes the structure and lattice parameters of all three types of precipitates detected in the NiAI-Hf system and compares them to NiA1.
System I1: NiAI-Zr alloy
In the early stages of NiA1 alloy development, Zr was a common addition because of its beneficial effect precipitates were present in this system. Figure 10 shows a BF image of the G-phase precipitates observed in a homogenized and furnace-cooled NiA1-0.05Zr single crystal alloy. Even though only 0.05 at. % Zr was present in this alloy, the density of G-phase was much greater than that observed in the 0.1 at. % Hf alloy [ Fig. 5(a) ].
In both systems the G-phase precipitates have the same type of morphology, i.e., cubes and platelets. The lattice parameter for Ni16Zr6Si7 (Table III) precipitates were generally concentrated preferentially at the G-phase platelet sites IFig. 12(b)], similar to the observed aged structures discussed in Sec. D. The Heusler phase has a lattice misfit with NiAI much larger than the G-phase (5% compared to -0.8% for the G-phase). The Heusler phase is semicoherent and nucleates heterogeneously on {l()0}y_Aiplanes with a cubeon-cube orientation relationship with the NiAI matrix. The large misfit between the precipitate and the matrix is accommodated by a square array of misfit dish)cations (spacing 5.6 nm) at the particle-matrix interface which are clearly seen on the {100} face of/3' precipitates in a (00I}NiAI orientation [Fig. 12(c) 1. 
C. Effect of cooling rate
The NiAI-Hf alloys were chosen to explore the effect of various cooling rates on the formation and morphology of the precipitates alter the homogenization heat treatment. Three different cooling rates, controlled furnace cooling (10 K/rain), air cooling, and water quenching, were used for this purpose. Cooling rate had a significant effect on the distribution and size of the G-phase precipitates. Air cooling produced a line and uniform distribution of cuboidal G-phase precipitates (<_10 nm) in the NiA1-0.3Hf [ Fig. 13(a) l and NiAI-IHf alloys IFig. 13(b)] and a complete absence of the platelet morphology that was observed in the furnace-cooled samples (Fig. 6 ). Re-solutioning a homogenized and furnace-cooled NiAi-IHf sample by reheating to 1590 K for only 20 min, followed by air cooling, produced a microstructure similar to that shown in Fig. [3(b 
D. Aging studies: Stability of secondary phases
1. System I: NiAI-Hf alloys Figure 14 shows the microstructures observed in the homogenized and air cooled NiA1-1Hf alloy after aging samples at 1300 K for I, 100, and 500 h. Figure 14(a) shows the presence of an additional phase that appears after only 1 h of aging and continues to grow with aging time. A microdiffraction pattern along the [001] zone axis from one of the larger precipitates in Fig. 14(c) identifies these precipitates as the expected Heusler phase. In the background, the finer G-phase precipitates can be clearly seen after 1 b of aging [ Fig. 14(a) ]. Fig. 14(c) ] and very few G-phase precipitates were visible. In contrast to the Heusler particles that coarsened as a function of time, the G-phase did not coarsen appreciably. Instead, the G-phase particles appeared to dissolve in favor of the ill-precipitates.
Aging the NiAI-1Hf alloy at 1300 K for 1 h after homogenization and furnace cooling also resulted in the formation of /31 precipitates, but in this case, they preferentially nucleated at the G-phase platelet sites, as shown in Fig. 15 . Again, misfit dislocations at the precipitate-matrix interface are visible. The G-phase platelets seem to be heterogeneous nucleation sites for the Heusler precipitate formation. This was also the case for the homogenized NiAI-Hf-Zr alloy shown in Fig. 12 .
Microhardness
values and Heusler precipitate sizes for various cooling rate conditions and different stages of aging at 1300 K are summarized in Fig. 16 . The highest hardness values correspond to the NiA1-lHf alloy (the NiAI-1.5Hf was not examined) in either the air-cooled or water-quenched condition.
In the air-cooled sample, Heusler precipitates were not present and G-phase precipitates were cuboidal in shape and homogeneously distributed in the matrix (Fig. 13) , whereas no precipitates were detectable by TEM after water quenching.
Furnace cooling, which produced a mixed distribution of cuboidal G-precipitates and platelets (Fig. 6) , shows a lower microhardness value than the air cooled or water-quenched conditions. Microhardness values progressively decreased as a function of 1300 K aging time. Microhardness values for the NiAL alloys containing 0.3 and 0.1 at.% Hf in the as-homogenized and furnace-cooled condition are also included in Fig. 16 .
As expected, lower additions of Hf resulted in lower microhardness values.
Aging the NiAI-1Hf alloy at 1400 K for 20 h after the standard homogenization heat treatment resulted in the formation of /3 _ Heusler precipitates and complete dissolution of the G-phase precipitates. Figure  17 Fig. 17(d) . Table IV, which is   consistent with observations in a companion study on similar alloys, 28 these observations can be explained in terms of the reactive element to silicon ratio. In those alloys where Heusler was stable after aging (see Table IV ), the reactive element to silicon ratio was high (on the order of 3 to 7), whereas the NiXSi phase was stable in alloys which had a low reactive element to silicon ratio (on the order of 0.3 to 1.8). It is likely that at intermediate values of this ratio, a stable three-phase alloy composed of NiA1, Heusler, and silicide phase would likely exist. However, additional work will be needed to fully understand the effect of small chemical composition differences, especially Si, on the stability of the microstructure in these alloys.
IV. DISCUSSION
Microstructural
V. CONCLUSIONS
The following conclusions were drawn from the preceding results:
( (4) The reactive element to silicon ratio appears to determine the stable phase after long-term aging.
(5) These results show the potential for controlling the microstructure of these alloys by thermal treatments.
The resultant mechanical properties as a function of precipitate distribution is an area of future study.
